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HIGHLIGHTS 


►  We  prepared  Mg— La— A1  composite  nanoparticles  by  hydrogen  plasma— metal  reaction. 

►  These  composite  nanoparticles  can  absorb  5.0  wt.%  hydrogen  in  30  min  at  473  K 

►  The  hydrogen  absorption  activation  energy  is  as  low  as  23.1  kj  mol  l 

►  The  LaH3  nanoparticle  and  the  nanostructured  Mg  improve  the  sorption  process. 
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Mg-2  at.%  La-2.6  at.%  A1  composite  nanoparticles  are  prepared  by  hydrogen  plasma-metal  reaction 
(HPMR)  method.  The  electron  microscopy  and  X-ray  diffraction  studies  reveal  that  these  nanoparticles 
are  made  of  single  crystalline  Mg  of  about  160  nm,  and  a  little  amount  of  polycrystalline  Al2La  of  15  nm 
dispersing  on  the  surface  of  Mg.  The  addition  of  A1  effectively  reduces  the  oxidation  of  Mg  nanoparticles. 
After  hydrogenation,  Al2La  disproportionates  into  single  crystalline  LaH3  of  15  nm.  The  composite 
nanoparticles  can  absorb  5.0  wt.%  H2  in  30  min  even  at  473  K,  and  the  storage  capacity  is  as  high  as 
6.8  wt.%  at  673  K.  They  can  also  release  6.0  wt.%  H2  in  less  than  10  min  at  673  K.  The  catalytic  effect  of 
LaH3  nanoparticles,  nanocrystalline  structure  and  low  oxide  content  of  Mg  accelerate  the  hydrogen 
sorption  process  of  Mg-La-Al  composite  nanoparticles  with  a  low  hydrogen  absorption  activation 
energy  of  23.1  kj  mol-1. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Hydrogen  is  drawing  tremendous  attentions  from  both  scien¬ 
tists  and  automotive  industry  because  it  is  an  ideal  energy  carrier 
candidate  to  replace  the  non-renewable  fossil  fuels.  The  devel¬ 
opment  of  a  safe  and  efficient  hydrogen  storage  approach  is  one  of 
the  most  important  issues  to  realize  the  hydrogen  economy.  The 
conventional  hydrogen  storage  methods  through  the  compressed 
hydrogen  gas  and  the  cryogenic  hydrogen  liquid  cannot  meet  the 
requirements  of  the  on-board  applications  due  to  the  problems  of 
low  hydrogen  storage  capacity,  unsafe  and  high  cost.  It  is  known 
that  hydrogen  storages  via  solid  state  materials  have  the  potential 
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advantages  of  high  storage  capacity  and  safety  [1].  So  far,  many 
kinds  of  hydrogen  storage  materials  have  been  developed, 
including  LaNis  [2],  IVfeNi  [3],  alanates  [4],  amides  [5],  carbon 
nanotubes  [6]  and  metal-organic  frameworks  [7].  Among 
the  metal  hydrides,  MgH2  is  still  the  most  attractive  one 
because  of  its  high  theoretical  gravimetric  capacity  of  7.6  wt.%, 
abundance  and  low  cost.  Nevertheless,  up  to  now,  the  commercial 
application  of  MgH2  has  not  been  fully  achieved  as  the  result  of 
its  slow  hydrogen  sorption  kinetics  and  high  operational 
temperature  [8]. 

In  recent  years,  the  addition  of  catalysts  has  been  considered  as 
one  of  the  effective  approaches  to  improve  the  hydrogen  sorption 
kinetics  of  Mg  hydride.  Among  alloying  elements,  A1  is  known  as 
one  of  the  most  attractive  candidates  to  decrease  the  stability  of 
magnesium  hydride  [9-12].  The  Mg-Al  binary  system  contains 
several  stable  intermetallic  phases,  such  as  (3-Mg2Al3,  R-Mg42Als8 
and  y-Mgi7Ali2  [13],  whose  hydrogen  storage  capacities  are  3.02, 
3.17  and  4.44  wt.%,  respectively  [14].  It  has  been  observed  that  the 
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Table  1 

ICP  results  of  the  as-prepared  Mg— La— Al  nanoparticles. 


ICP  measurement  (pg  ml 

Concentration  of 
elements  in  the 
nanoparticle  (at.%) 

Test  1 

Test  2 

Test  3 

Average 

Mg 

27.7 

27.7 

27.9 

27.8 

95.4 

La 

3.35 

3.35 

3.36 

3.35 

2.0 

Al 

0.818 

0.833 

0.830 

0.827 

2.6 

hydrogen  sorption  kinetics  of  Mg  was  significantly  improved  with 
Al  addition,  and  the  enthalpy  of  hydrogenation  was  decreased  upon 
alloying  with  Al  as  the  result  of  the  endothermic  disproportion¬ 
ation  reactions  of  Mg-Al  intermetallic  compounds  [14,15].  Crivello 
et  al.  reported  that  Mg75Al25  alloy  can  absorb  nearly  5  wt.%  H2  at 
623  K,  but  the  hydrogenation  kinetics  below  573  K  are  still  too  slow 
for  practical  application  [16].  On  the  other  hand,  it  has  been  re¬ 
ported  that  the  addition  of  rare  earth  elements  is  able  to  effectively 
enhance  the  hydrogen  storage  properties  of  Mg  [17-19].  La2Mgi7  is 
able  to  absorb  about  6  wt.%  H2  at  623  K  [17].  Ouyang  and  co¬ 
workers  observed  that  Mg3La  alloy  can  absorb  hydrogen  even  at 
room  temperature  and  the  maximum  hydrogen  absorption 
capacity  is  2.89  wt.%  at  570  K  [18].  Guo  and  Huang  found  that  the 
increase  of  La  addition  was  favorable  to  decrease  hysteresis  of 
hydrogen  absorption/desorption  in  La-Mg-Ni  alloys  [19]. 
Although  both  Al  and  La  are  able  to  improve  the  hydrogen  sorption 
of  Mg,  the  combining  effects  of  Al  and  La  on  the  hydrogen  storage 
properties  of  Mg  are  still  rarely  reported. 

High  energy  ball  milling  (HEBM)  has  been  adopted  not  only  to 
produce  the  nanostructured  hydride  particles,  but  also  to  disperse 
the  catalysts  effectively  [20-24].  However,  the  processing  of  HEBM 
usually  takes  a  long  time,  and  it  is  difficult  to  prevent  the  particles 
from  oxidation  and  contamination  by  milling  media  during  the 
milling  process.  Moreover,  it  is  hard  for  HEBM  to  reduce  the  particle 
sizes  of  metals/hydrides  to  nano-scale.  HPMR  method  is  a  novel 
vapor  deposition  processing  and  suitable  for  producing  metallic 
nanoparticles  industrially  with  high  purity  and  low  cost.  Up  to  now, 
nanoparticles  of  several  alloys  and  intermetallics  have  been  fabri¬ 
cated  by  using  HPMR  approach,  and  the  particle  size  can  be  tuned 
by  controlling  the  hydrogen  pressure  and  the  current  value 
[25—27].  In  this  work,  we  intend  to  fabricate  the  Mg-La-Al 
composite  nanoparticles  using  HPMR  method,  investigate  the 
synergic  effects  of  La  and  Al  on  the  hydrogen  sorption  properties, 


and  study  the  phase  transformations  during  the  hydrogen 
absorption  and  desorption  cycle. 

2.  Experimental 

The  equipment  for  producing  nanoparticles  primarily  contained 
an  arc  melting  chamber  and  a  collecting  system,  which  was 
described  elsewhere  [25].  Firstly,  Mg,  Al  and  La  (purity  >  99.5%) 
with  a  mole  ratio  of  8:1:1  were  melted  in  the  induction  furnace.  The 
MggoAlioLaio  ingot  of  20  g  was  put  in  the  reaction  chamber.  The 
Mg-La-Al  nanoparticles  were  produced  by  arc  melting  the  ingot  in 
a  50%  Ar  and  50%  H2  mixture  of  0.1  MPa.  The  flow  rate  of  the 
circulation  gas  for  the  collection  of  nanoparticles  was  100  L  min-1. 
The  arc  current  was  selected  as  80  A.  Before  the  nanoparticles  were 
taken  out  from  the  collection  room,  they  were  passivated  with 
a  mixture  of  argon  and  air. 

The  hydrogen  absorption  and  desorption  properties  of  the  as- 
prepared  Mg-La-Al  nanoparticles  were  evaluated  using  a  Sie- 
verts-type  apparatus.  The  volume  of  the  reactor  chamber  was 
about  60  ml,  and  the  error  of  the  measurement  was  less  than  5%. 
After  the  Mg-La-Al  nanoparticles  of  100  mg  were  put  into  the 
Sieverts  reactor,  the  system  was  evacuated  to  10-3  Pa.  Then,  the 
samples  were  heated  up  to  423,  473,  523,  573,  623  and  673  K, 
respectively.  A  hydrogen  pressure  of  4  MPa  (purity  >  99.999%; 
N2  <  5.0,  02  <  2.0  and  H20  <  2.0  ppm)  was  provided  to  make 
the  Mg-La-Al  nanoparticles  absorb  hydrogen  to  measure 
the  absorption  kinetic  curves.  The  desorption  kinetic  curves  at 
various  temperatures  were  measured  at  an  initial  pressure  of 
about  100  Pa  by  evacuating  the  system.  A  conventional 
pressure-volume-temperature  technique  was  used  to  obtain  the 
hydrogen  sorption  curves  and  pressure-composition  isotherm 
(P-C-T)  curves  of  the  Mg-La-Al  nanoparticles  at  623,  648  and 
673  K.  Once  the  change  of  hydrogen  pressure  was  less  than  20  Pa 
per  second,  the  hydrogen  absorption  or  desorption  process  at 
certain  pressure  during  the  P—C  isotherm  measurement  was 
considered  as  reaching  an  equilibrium. 

The  chemical  composition  of  the  nanoparticle  sample  was 
determined  by  the  induction-coupled  plasma  (ICP)  spectroscopy. 
The  structural  analysis  of  the  Mg-La-Al  nanoparticle  samples 
before  and  after  the  hydrogen  sorption  were  carried  out  by  X-ray 
diffraction  (XRD)  using  a  Rigaku  X-ray  diffractometer  with  mono¬ 
chromatic  Cu  Ka  radiation.  The  morphology,  size  distribution  and 
shape  of  the  nanoparticle  samples  before  and  after  the  hydrogen 


Fig.  1.  TEM  bright-held  image  of  the  as-prepared  Mg-La-Al  nanoparticles  (a)  and  HR-TEM  image  of  one  Mg-La-Al  nanoparticle  (b). 
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Fig.  2.  X-  ray  diffraction  patterns  of  the  Mg-La-Al  nanoparticles  (a)  as-prepared,  (b) 
after  the  absorption  under  4  MPa  hydrogen  pressure  at  673  K,  and  (c)  after  the 
hydrogen  desorption  under  100  Pa  at  673  K. 


sorption  were  observed  by  TEM  using  JEOL-JSM-2100  at  an  accel¬ 
erating  voltage  of  200  kV. 

3.  Results  and  discussion 

3.1  Particle  features 

Table  1  shows  the  chemical  composition  of  the  as-prepared 
nanoparticle  sample  evaluated  by  ICP  spectroscopy.  It  can  be  seen 
that  for  the  master  alloy  containing  80  at.%  Mg,  10  at.%  La  and  10 
at.%  Al,  there  are  95.4  at.%  Mg,  2  at.%  La  and  2.6  at.%  Al  in  the  as- 
prepared  nanoparticle  sample.  It  should  be  noted  that  the  higher 
Mg  content  in  the  as-prepared  nanoparticles  than  that  in  the 
master  ingot  is  attributed  to  the  lower  evaporation  enthalpy  of  Mg 
(127.4  kj  mol-1)  than  those  of  Al  (414  kj  mol-1)  and  La 
(402  kj  mol-1)  [28].  Fig.  la  displays  the  TEM  image  of  the  as- 
prepared  Mg-La-Al  nanoparticles.  It  is  apparently  observed  that 
there  are  two  kinds  of  particles.  The  big  particles  have  clear 
hexagonal  shapes,  which  are  the  same  as  the  pure  Mg  nanoparticles 
prepared  by  HPMR  [29].  They  vary  from  50  to  250  nm  with  an 
average  size  of  about  160  nm.  On  the  surface  of  each  big  particle, 
many  fine  particles  of  about  15  nm  in  nearly  spherical  shape  are 


dispersed.  Fig.  lb  shows  the  high-resolution  TEM  (HR-TEM)  image 
of  the  Mg-La-Al  composite  nanoparticle.  The  lattice  fringes  are 
clearly  seen  in  the  big  particle  and  the  measured  lattice  spacing  is 
2.432  A,  which  corresponds  to  the  hcp-Mg  (101)  plane,  indicating 
that  the  big  particle  is  Mg  with  a  single  crystal  structure.  It  is 
interesting  to  observe  that  the  small  particle  belongs  to  poly¬ 
crystalline  structure.  One  lattice  spacing  is  evaluated  to  be  1.886  A 
in  Fig.  lb  for  the  small  particle,  which  corresponds  to  the  (331) 
plane  of  Al2La.  The  crystal  structure  of  the  nanoparticle  sample  is 
also  supported  by  the  XRD  result  discussed  hereafter. 

Fig.  2  shows  the  XRD  patterns  of  the  as-prepared  nanoparticles 
and  the  samples  obtained  after  the  hydrogen  absorption  and 
desorption  at  673  K.  It  is  found  in  Fig.  2a  that  the  as-prepared 
sample  is  composed  dominantly  of  a-Mg  (hep)  structure  and 
a  little  amount  of  Al2La,  in  excellent  agreement  with  the  TEM 
observation.  The  lattice  constants  of  Mg  calculated  from  the  XRD 
data  are  a  =  3.201  A  and  c  =  5.201  A  slightly  lower  than  the 
standard  data  of  a-Mg  (PDF35-0821,  a  *  3.209  A ,  c  =  5.211  A).  This 
indicates  that  Al  with  smaller  metallic  radii  (143  pm)  than  Mg  (160 
pm)  partially  dissolves  in  the  hcp-Mg  and  decreases  the  lattice 
constant  [30].  This  agrees  with  the  Mg-Al  and  Mg-La  binary 
diagrams  that  La  and  Mg  are  immiscible,  and  Al  has  a  certain  sol¬ 
vability  in  Mg  [31  ].  Mg  ultrafine  particles  are  usually  very  reactive 
toward  oxygen  [32].  Surface  modification  is  an  effective  way  to 
protect  Mg  from  being  oxidized.  Recently,  Mg  composite  nano¬ 
particles  have  been  embedded  in  a  gas-selective  polymer  matrix, 
which  made  them  air-stable  [33].  However,  the  hydrogen  storage 
capacity  of  these  particles  was  decreased  to  4  wt%  due  to  the  high 
matrix  polymer  content  of  about  40  wt%.  Krishnan  and  co-workers 
endeavored  to  cover  Mg  ultrafine  particles  with  metallic  layer  by 
inert  gas  condensation  technique  [34].  They  produced  the  Mg-Ti 
nanoparticles  by  magnetron  sputtering  in  an  inert  Kr  atmosphere. 
However,  it  was  found  that  the  Mg  and  Ti  nanoparticles  were 
covered  with  MgO  shell  of  3-4  nm  in  thickness.  It  is  worth  to  note 
that  the  diffraction  peak  of  MgO  around  42.9°,  which  often  appears 
in  the  Mg  particles  prepared  by  HPMR  [28],  cannot  be  detected  in 
the  present  XRD  pattern.  MgO  shell  is  not  discernable  in  the  TEM 
observation  as  well.  It  can  be  concluded  that  the  addition  of  Al  and 
La  effectively  suppressed  the  oxidation  tendency  of  Mg,  leading  to 
the  decrease  of  MgO  content  in  the  nanoparticles  after  passivation. 
Due  to  the  high  oxidation  resistance  of  Al,  it  is  proposed  that  Al 
plays  more  important  role  than  La  in  preventing  Mg  from  oxidation. 
From  the  XRD  pattern  in  Fig.  2b,  it  can  be  found  that  after  the 


Fig.  3.  TEM  bright-held  image  of  the  Mg-La-Al  nanoparticles  after  the  hydrogen  absorption  (a)  and  HR-TEM  image  of  one  Mg-La-Al  nanoparticle  after  the  hydrogenation  (b). 
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Fig.  4.  Hydrogen  absorption  curves  of  the  Mg-La-Al  nanoparticies  at  423,  473,  523,  573,  623  and  673  K  under  4  MPa  hydrogen  pressure  (a)  and  the  desorption  curves  at  573,  623 
and  673  K  (b). 


hydrogen  absorption  process  at  673  K,  Mg  nanoparticies  transforms 
into  MgH2.  However,  La  hydride  is  not  detected  from  the  XRD 
pattern,  probably  due  to  its  low  concentration.  It  is  observed  from 
Fig.  2c  that  after  the  hydrogen  desorption  at  673  K,  MgH2  decom¬ 
poses  completely  and  a-Mg  is  recovered.  According  to  the  previous 
study,  LaH3  will  not  release  hydrogen  in  present  condition  [17].  It  is 
proposed  that  these  LaH3  nanoparticies  are  crucial  to  catalyze  the 
hydrogenation  of  Mg.  We  can  also  detect  MgO  in  Fig.  2b  and  c, 
which  is  attributed  to  the  fact  that  after  the  absorption  and 
desorption  processes  the  nanoparticies  were  taken  out  of  the 
chamber  without  passivation. 

Fig.  3a  shows  the  TEM  image  of  Mg-La-Al  nanoparticies  after 
the  hydrogenation.  It  is  interesting  to  find  that  after  the  hydrogen 
absorption,  the  MgH2  nanoparticies  are  no  longer  of  hexagonal 
shape  but  change  into  quasi-spherical  shape  with  an  average  size  of 
about  140  nm.  It  is  also  discernable  from  Fig.  3a  that  the  fine  black 
dots  known  as  LaH3  nanoparticies  of  about  15  nm  are  distributed  on 
the  surface  of  MgH2.  Fig.  3b  shows  the  HR-TEM  image  of  the 
Mg-La-Al  nanoparticle  after  the  hydrogenation.  The  lattice  fringes 
are  clearly  seen  in  the  big  particle  matrix  and  the  measured  lattice 
spacing  is  2.503  A,  which  corresponds  to  the  MgH2  (101 )  plane.  The 
lattice  spacing  of  the  small  particle  is  evaluated  to  be  2.785  A,  which 
corresponds  to  the  (311)  plane  of  LaH3,  implying  that  the  small 
particle  belongs  to  single  crystal  LaH3.  These  phases  determined 
from  the  HR-TEM  analyses  are  in  well  agreement  with  the  XRD 
results. 

On  the  basis  of  the  analysis  above,  the  formation  of  Mg-La-Al 
composite  nanoparticies  by  HPMR  and  the  hydrogen  absorption 


Fig.  5.  Plot  ln(-ln(l  -  a))  vs.  ln(t)  for  the  hydrogenation  of  the  Mg-La-Al  nanoparticies. 


and  desorption  processes  can  be  summarized  into  the  following 
equations,  respectively: 

Mg  +  La  +  Al  — >  Mg  +  Al2La  (1) 

Mg  +  Al2La  +  H2  -►  MgH2  +  LaH3  +  Al  (2) 

MgH2  +  LaH3  +  Al  Mg(Al)  +  LaH3  +  H2  (3) 


3.2.  Hydrogen  storage  properties 

The  activation  treatment  through  annealing  at  673  I<  in  vacuum 
and  in  hydrogen  for  several  cycles  is  often  required  for  the  micro¬ 
size  Mg  particles.  However,  even  after  this  activation  process,  Mg 
at  microscale  could  absorb  only  1.5  wt.%  H2  within  2  h  at 
a  temperature  as  high  as  673  I<  [8].  Fig.  4a  shows  the  hydrogen 
absorption  curve  of  the  Mg-La-Al  composite  nanoparticies  at 
different  temperatures.  It  can  be  observed  that  these  composite 
nanoparticies  can  absorb  1.3  wt.%  H2  at  423  K.  The  hydrogen 
absorption  rate  increases  with  increasing  the  temperature 
from  423  to  673  K.  They  can  absorb  5.0  wt.%  H2  in  less  than  30  min 
at  473  K,  quite  faster  than  the  micro-sized  Mg.  Compared  with 
many  catalyzed  Mg  particles,  the  Mg-La-Al  composite  nano¬ 
particies  also  show  superior  hydrogen  absorption  performance 
[21-23,35-38].  For  example,  the  nanocrystalline  Mg-Ni-La  alloy 
derived  from  the  corresponding  amorphous  alloy  had  a  hydrogen 
storage  capacity  of  4.6  wt.%  at  513  K  [38],  which  is  lower  than  that 
of  the  Mg-La-Al  composite  nanoparticies.  It  is  also  observed  in 
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Fig.  7.  Pressure-composition  isotherm  curves  of  the  Mg-La-Al  nanoparticles  at  623,  648  and  673  I<  (a)  and  Van’t  Hoff  plot  for  the  Mg-La-Al  nanoparticles  (b). 


Fig.  4a  that  at  523,  573,  623,  and  673  K,  the  hydrogen  absorption 
content  enlarges  remarkably  with  time  in  the  initial  absorption 
stage  and  reaches  a  value  of  4.4,  4.6,  4.8  and  6.3  wt.%  in  10  min, 
respectively.  It  was  reported  that  the  maximum  hydrogen  absorp¬ 
tion  capacity  of  Mg3La  alloy  is  2.89  wt.%  at  570  K  [18],  and  the 
Mg75Al25  compound  can  absorb  nearly  5  wt.%  H2  at  623  I<  [16].  In 
this  work,  the  Mg-La-Al  composite  nanoparticles  can  uptake 

5.3  wt.%  H2  at  573  K,  showing  a  superior  hydrogen  storage  property. 
Fig.  4b  shows  the  hydrogen  desorption  curve  of  the  Mg-La-Al 
nanoparticles  at  different  temperatures.  It  can  be  seen  that  the 
hydrogen  desorption  content  enlarges  remarkably  with  the 
increasing  temperature  in  the  initial  desorption  stage  and  reaches 
a  value  of  6.0  wt.%  in  10  min  at  673  K  with  a  saturation  value  of 

6.3  wt.%.  At  623  K,  the  Mg-La-Al  nanoparticles  can  dehydrogenate 
nearly  4.0  wt.%  FI2,  displaying  improved  sorption  kinetics. 

The  activation  energy  for  hydrogen  absorption  is  usually 
calculated  from  the  JMAK  (Johnson-Mehl-Avrami-Kolmogorov) 
model  and  the  Arrhenius  theory.  On  the  basis  of  JMAK  model,  the 
hydrogen  absorption  kinetics  can  be  expressed  in  the  following 
linear  equation: 

ln[  -  ln(l  -  a)]  =  i]  In  k  +  7)  In  t  (4) 

where  a  is  the  fraction  transformed  at  time  t,  k  is  an  effective  kinetic 
parameter,  ri  is  the  Avrami  exponent  of  reaction  order.  For  the 
experimental  data  of  473,  523,  573,  623  and  673  K,  by  plotting  In 
[-ln(l  -  a)]  vs.  ln(t)  shown  in  Fig.  5,  each  temperature  provides 
a  straight  line  with  a  slope  tj  and  an  intercept  i)  In (/<).  After  calcu¬ 
lating  the  rate  constant  k  from  the  tj  value,  the  apparent  activation 
energy  for  the  absorption  process  is  evaluated  from  the  Arrhenius 
equation: 

I<  =  Aexp(Ea/RT)  (5) 

where  A  is  a  temperature-independent  coefficient,  Ea  is  the 
apparent  activation  energy,  ft  is  the  gas  constant  (8.314  J  mol-1  K-1), 
and  T  is  the  absolute  temperature.  The  absorption  plot  of  ln(/<)  vs. 
1000/T  is  shown  in  Fig.  6.  It  is  found  that  the  fit  (ft2)  is  0.936, 
implying  that  the  experimental  data  can  be  evaluated  by  JMAK 
model  and  Arrhenius  theory.  The  calculated  hydrogen  absorption 
activation  energy  of  the  Mg-La-Al  nanoparticles  is  23.1  kj  mol-1, 
which  is  far  lower  than  those  of  the  micro-sized  Mg  particles  and 
many  catalyzed  Mg  particles  [21-23,35-37]. 

Fig.  7a  shows  the  P—C—T  curves  of  the  hydrogen  absorption- 
desorption  for  the  Mg-La-Al  nanoparticles  at  623,  648  and 
673  K.  The  hydrogen  pressures  of  the  absorption  plateaus  are 
2.47  MPa  at  673  K,  1.40  MPa  at  648  I<  and  0.85  MPa  at  623  K.  From 
these  data,  the  Van’t  Floff  Plot  (In  P  vs.  T-1)  for  the  hydrogen 


absorption  of  the  Mg-La-Al  nanoparticles  is  built  in  Fig.  6b. 
According  to  the  fitting  line  from  the  experimental  data,  the  Van’t 
Hoff  equation  for  the  absorption  is  ln(P)  =  -8.98 /T  +  18.85.  The 
obtained  value  of  the  formation  enthalpy  (AH)  for  the  Mg-La-Al 
composite  nanoparticles  is  -74.7  kj  mol-1,  similar  with  the 
formation  enthalpy  for  Mg  particles  reported  by  other  works 
[39,40].  This  implies  that  a  small  addition  of  La  and  Al  to  Mg  does 
not  apparently  alter  the  thermodynamics  of  the  hydrogenation 
process. 

It  is  well  known  that  the  hydrogenation  rate  of  Mg  is  affected  by 
several  factors. 

Firstly,  the  surface  of  pure  magnesium  without  catalytic  addi¬ 
tives  requires  a  very  high  energy  for  the  dissociation  of  H2.  In  the 
present  work,  the  LaH3  nanoparticles  dispersed  on  the  surface  of 
Mg  particles  act  as  a  catalyst  to  decrease  the  dissociation  energy  of 
H2  and  improve  the  hydrogen  sorption  kinetics  of  Mg.  Secondly,  the 
formation  rate  of  MgH2  on  the  Mg  surface  and  along  the  grain 
boundaries  are  the  critical  factors  to  impact  the  hydrogenation 
capacity  and  kinetics,  because  the  diffusion  coefficient  of  hydrogen 
in  MgH2  is  much  smaller  than  that  in  Mg  [41  ].  It  was  also  reported 
that  the  hydrogenation  rate  of  the  magnesium  decreased  with 
increasing  the  hydride  layer  thickness  [42].  When  the  thickness  of 
hydride  layer  exceeded  30-50  pm,  the  hydrogenation  reaction 
stopped  abruptly  [8,43].  In  this  work,  the  fine  particle  size 
decreases  the  thickness  of  MgH2,  and  the  nano-sized  grain  accel¬ 
erates  the  hydrogen  diffusion,  resulting  in  the  improved  hydrogen 
sorption  kinetics  of  Mg  particles.  Additionally,  it  is  known  that  the 
oxide  layer  of  Mg  particles  prevents  hydrogen  from  transporting 
into  Mg.  In  this  work,  the  decrease  of  oxide  content  due  to  the 
addition  of  Al  accelerates  the  sorption  of  hydrogen  on  the  surface  of 
Mg  particles.  Thus,  the  high  hydrogen  sorption  rate  and  storage 
capacity  with  a  very  low  hydrogen  absorption  activation  energy  is 
attributed  to  the  combined  effects  of  the  catalytic  LaH3  nano¬ 
particles,  the  decreased  oxide  content  and  the  fine  particle/grain 
size.  The  Mg-La-Al  composite  nanoparticles  with  high  sorption 
kinetics,  high  storage  capacity,  and  low  hydrogenation  tempera¬ 
ture,  are  a  promising  candidate  for  hydrogen  storage. 

4.  Conclusions 

The  Mg-2  at.%  La-2.6  at.%  Al  composite  nanoparticles  were 
prepared  from  the  MggoLaioAlio  ingot  by  HPMR  method.  These 
nanoparticles  were  made  of  Mg  and  a  little  amount  of  Al2La.  Mg 
nanoparticles  of  single  crystalline  were  polyhedron  in  shape, 
varying  from  50  to  250  nm  with  an  average  size  of  about  160  nm, 
The  polycrystalline  Al2La  nanoparticles  of  spherical  shape  had 
a  mean  diameter  of  15  nm,  dispersing  on  the  surface  of  Mg 
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nanoparticles.  The  addition  of  Al  effectively  reduced  the  oxidation 
of  Mg  nanoparticles.  After  hydrogenation,  the  mean  particle  size 
of  MgH2  nanoparticles  was  140  nm,  and  Al2La  disproportionated 
into  single  crystalline  LaH3  of  15  nm,  dispersing  on  the  surface  of 
MgH2. 

The  addition  of  La  and  Al  played  a  crucial  role  in  enhancing  the 
sorption  kinetics  properties  of  the  Mg-La-Al  nanoparticles.  After 
one  sorption  cycle  for  the  activation,  these  nanoparticles  can  absorb 
hydrogen  even  at  473  K  and  reach  a  value  of  5.0  wt.%  in  30  min. 
Moreover,  they  can  absorb  6.3  wt.%  H2  in  less  than  10  min  at  673  K. 
It  can  also  release  6.0  wt.%  H2  in  10  min  at  673  K.  The  catalytic  effect 
of  LaH3  nanoparticles,  nanocrystalline  structure  and  low  oxide 
content  of  Mg  nanoparticles  promoted  the  hydrogen  sorption 
process  with  a  low  hydrogen  absorption  activation  energy  of 
23.1  kj  mol-1.  The  enhanced  hydrogen  sorption  kinetics  and  high 
storage  capacity  were  due  to  the  improved  kinetics  rather  than  the 
change  in  enthalpy. 
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